Thrombopoietin (Tpo), the ligand for c-mpl, has been shown to be the principal regulator of megakaryocytopoiesis and platelet production. The a b i l i i of Tpo to potently stimulate the growth of committed megakaryocyte (Mk) progenitor cells has been studied in detail. Murine fetal liver cells, highly enriched in primitive progenitors, have been shown to express c-mpl, but l i l e is known about the a b i l i i of Tpo to stimulate the growth and differentiation of primitive multipotent bone marrow (BM) progenitor cells. Here, we show that Tpo alone and in combination with early acting cytokines can stimulate the growth and multilineage differentiation of Lin-Sca-l+ BM progenitor cells. In particular, Tpo potently synergized with the ligands for c-kit (stem cell factor [SCF] ) and M3 (FL) to stimulate an increase in the number and size of clones formed from Lin-Sca-l+ progenitors. When cells were plated at 1 cell per well, the synergistic effect of Tpo was observed both in fetal calf serum-supplemented and serum-depleted medium and was decreased if the addition of Tpo to cultures was delayed for as little as 24 hours, suggesting that Tpo is acting directly on the primitive progenitors. Tpo added to SCF + erythropoietin (Epol-supplemented methylcellulose cultures potently enhanced the formation of multilineage colonies containing granulocytes, HE HEMATOPOIETIC system is organized in a hierarchical fashion, with the infrequent pluripotent hematopoietic stem cell at the top capable of replenishing all cell lineages in the bl00d."~ The growth, differentiation, and viability of hematopoietic progenitors and stem cells are regulated in a complex manner involving cell-cell interactions as well as soluble hematopoietic growth factors (HGFS).'~ An important, if not essential, phenomenon in early hematopoiesis is synergy among HGFs, in that most primitive progenitors can only be recruited to proliferate in vitro by the combined stimulation of multiple HGFs.'~ In contrast, progenitors committed to different cell lineages can often be recruited by stimulation with a single cytokine, although synergism between multiple cytokines might result in enhanced proliferation of committed progenitor cells as well."
The complex development of megakaryocytes (Mks) from their bone marrow (BM) precursors is one of the least understood aspects of hematopoiesis. The recent cloning of thrombopoietin (Tpo) represented an important advance in this area because it appears that Tpo, through its receptor c-mpl, is the principal regulator of megakaryocytopoiesis as well as platelet production.5-" C-mpl-deficient mice have an 85% reduction in Mks and platelets and a corresponding increase in serum levels of Tpo." Furthermore, in vivo administration of Tpo to normal mice as well as to nonhuman primates increases the Mk progenitor number and platelet counts multifold and reverses carboplatin-induced thrombocytopenia in a dose-dependent fa~hion.'~"' Tpo has been shown to stimulate in vitro growth, Mk differentiation, and ploidy of committed murine and human Mk progenitor cell^.','^"^ Specifically, Tpo synergistically T Blood, Vol88, No 12 (December 15), 1996 pp 4481-4492 macrophages, erythrocytes, and Mkr. SCF potently enhanced Tpo-stimulated production of high-ploidy Mks from Lin-Sca-l+ progenitors, whereas the increased growth response obtained when combining Tpo with FL did not translate into increased Mk production. The a b i l i of Tpo and SCF to synergistically enhance the growth of Lin-Sca-l+ progenitors was predominantly observed in the more primitive rhodamine 123' O fraction. Tpo also enhanced growth of LinSca-l+ progenitors when combined with interleukin-3 (IL-3) and IL-l1 but not with IL-12, granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, or Epo. Epo, which has high homology to Tpo, was unable to stimulate the growth of Lin-Sca-l+ progenitors alone or in combination with SCF or FL, suggesting that c-mpl is expressed on more primitive stages of progenitors than the Epo receptor. Thus, the present studies show the potent a b i l i of Tpo to enhance the growth of primitive multipotent murine BM progenitors in combination with multiple early acting cytokines and documents its unique a b i l i i t o synergize with SCF to enhance Mk production from such progenitors. 0 1996 by The American Society of Hematology.
and in a lineage-specific manner enhances Mk progenitor cell growth and differentiation in combination with stem cell factor (SCF), interleukin-3 (IL-3), or erythropoietin (Epo).I6 Although less is known about the ability of Tpo to affect growth of more primitive/multipotent hematopoietic progenitor cells, 50% of murine AA4+Sca-l+ fetal liver cells have been shown to express c-mpl. 20 When a high number of these AA4+Sca-l+ cells or Lin-Sca-l+ BM cells were stimulated with Tpo alone, they produced a low number of Mks." However, the ability of individual primitive progenitors to proliferate and produce Mks as well as, potentially, other cell lineages in response to Tpo has not yet been explored. Thus, the present studies were designed to investigate the direct ability of Tpo alone and in combination with other early acting cytokines to affect the growth and multilineage differentiation of individual Lin-Sca-l+ BM progenitor cells. Here, we show that Tpo, unlike Epo, directly and potently can enhance the growth of a substantial fraction of Lin-Sca-
were isolated from normal C57BL/6 mice according to a previously described p r o t o~o l .~*~~~ Briefly, femurs and tibias were gently crushed in a mortar. The cell suspension was filtered through a 70-pm mesh filter, and cells were counted in a hematocytometer and concentrated to 400 X 10' cellslml. The cells were incubated at 4°C for 30 minutes in a cocktail of predetermined optimal concentrations of antibodies: RA3-6B2 (B220), RB6-8C5 (GR-I ), MAC-I , Lyt-2 (CD8), LY-I (CD5), and L3T4 (CD4) (all from Pharmingen, San Diego, CA) and TERl19 (antimouse erythroid cells; a kind gift from Dr T. Kina, Kyoto, Japan). Cells were washed once. Sheep antirat IgG (Fc)-conjugated immunomagnetic beads (Dynal, Oslo, Norway) were added at a cekbead ratio of 1.2 and incubated at 4°C for 45 minutes on a mixing wheel. The magnetic beads were removed with a magnetic particle concentrator (MPC-6; Dynal), and the unattached cells were transferred to a second tube containing the same (absolute) amount of magnetic beads and incubated for another 30 minutes as before.
Lin-cells recovered from the supernatant were further purified on the basis of stem cell antigen-l (Sca-l) expression, as previously Briefly, Lin-cells were resuspended at 300 X 10' cells/ml in Iscove's modified Dulbecco's medium (IMDM; BioWhittaker, Walkersville, MD) supplemented with 20% fetal calf serum (FCS; BioWhittaker), penicillin, and L-glutamine (complete IMDM) and were incubated for 20 minutes on ice with either fluorescein isothiocyanate-conjugated rat antimouse Ly-6AiE antibody (Pharmingen) or an isotype-matched control antibody. The cells were washed, and Lin-Sca-l+ cells were sorted on a Coulter Epics Elite Cell Sorter (Coulter Electronics, Hialeah, FL). The final recovery of Lin-Sca-1 + cells from unfractionated BM cells was approximately 0.05%. Reanalysis of sorted Lin-Sca-l+ cells reproducibly showed a purity greater than 95%.
Also Lin-Sca-l'Rhh' and Lin-Sca-l+Rh'" cells were isolated in some experiment^.^^^*^ The same protocol as described above for the isolation of Lin-Sca-l' cells was followed except that Lin-cells were incubated with biotinylated rat antimouse Ly-6AE antibody (Pharmingen) or an isotype-matched control antibody in Dulbecco's phosphate buffered saline (BioWhittaker) supplemented with 1% FCS. Cells were washed once, resuspended to 40 X 10' cells/mL, and incubated with Streptavidin-APC (Pharmingen) on ice for 20 minutes. The cells were washed again and then incubated for 20 minutes at 37°C with rhodamine 123 (Rh123; Molecular Probes, Inc, Eugene, OR) at a final concentration of 0.1 pglmL. After another wash, the cells were incubated without Rh123 for 20 minutes at 37°C and the Lin-Sca-l+ with lowest (25%; Rh'") and highest Rh123 uptake (25%; Rhh') were isolated as previously described.'"*'
Limiting dilution assay. Lin-Sca-l+ cells were seeded in Terasaki plates (Nunc, Kamstrup, Denmark) at a concentration of 1 cell/ well in a volume of 20 pL of either complete IMDM or serumdepleted medium (x-vivo 15; BioWhittaker) supplemented with 1% detoxified bovine serum albumin (BSA; StemCell Technologies Inc, Vancouver, Canada). Wells were scored for cell growth ( 2 3 cells) after 10 to 12 days of incubation at 37°C and 5% CO2 in air. In some experiments individual colonies were sampled, transferred to slides in a cytospin centrifuge, and examined morphologically after Giemsa staining.
Semisolid clonogenic assay. Lin-Sca-I + BM cells were plated in l mL serum-depleted medium (x-vivo 15) supplemented with 1% (final concentration) detoxified BSA, 1.2% (final concentration) methylcellulose (Methocel, Fluka Chemie, Switzerland), L-glutamine, penicillinlstreptomycin, and cytokines at predetermined optimal concentrations in 35-mm Petri dishes. Cultures were incubated at 37°C and 5% CO2 in air for 13 to 15 days, at which time colonies (>50 cells) were visualized and scored with an inverted microscope. Mk colonies were defined as colonies containing three or more Mks. Colonies were classified as follows: E, erythroid colonies; GM, granulocytelmacrophage colonies; Mk, megakaryocyte colonies; GEM, granulocyte/erythrocyte/macrophage colonies; GMMk, granulocyte/ macrophagelmegakaryocyte colonies; GEMMk, granulocyte/erythrocyte/ macrophage/megakaryocyte colonies; and Blast, blast cell colonies.
Acerylcholinesterase (AchE) staining. AchE is a marker enzyme of murine Mks.2X.2' AchE activity was detected as previously described.2x Briefly, Lin-Sca-l+ cells were cultured in serum-depleted medium with different cytokine combinations. At day 11, the cells were stained directly in almost completely dried wells. Cells were incubated with acetylcholine substrate overnight at 37°C and 5% COn in air and scored on the basis of color change. The Mk content was also confirmed by parallel experiments in which individual colonies were transferred to slides in a cytospin centrifuge, fixed, and Giemsa-stained.
Cell morphology. Multiple Lin-Sca-l+ cells were plated in serum-depleted medium and incubated for 12 days with predetermined optimal concentrations of cytokines at 37°C and 5% CO2 in air, at which time the total cell numbers were determined. Cell morphology was examined after Giemsa staining of cytospin preparations.
Measurement of Mk ploidy. Lin-Sca-I ' cells were cultured in serum-depleted medium supplemented with cytokines at predetermined optimal concentrations. After 9 to 11 days of incubation at 37°C and 5% CO2 in air, cells were analyzed by 2-color flow cytometric analysis using the murine Mk-specific rat monoclonal antibody 4A53" and propidium iodide as a measure of cellular DNA content.
Briefly, cultured cells were stained with 4A5'" or an isotypematched control rat IgG2. antibody (Pharmingen) for 30 minutes on ice and then washed twice in Dulbecco's phosphate-buffered saline with l % FCS. The cells were next incubated for 5 minutes with Chrompure goat IgG whole molecule (Jackson 1mmunoResearch Labs, Inc, West Grove, PA) to block unspecific binding of the secondary antibody. Next, the cells were incubated for 30 minutes on ice with fluorescein isothiocyanate-labeled goat F(ab'), antirat IgG (Southern Biotechnology Associates, Inc, Birmingham, AL). Cells were washed twice and resuspended in a solution consisting of 0.1 % sodium citrate, 0.1% Triton X-100, 50 U/mL RNAse A, and IO pg/ mL propidium iodide (all from Sigma, St Louis, MO 
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23 (3) 38 (2) 9 (3) l ( 1 ) 71 (2) Strrtisrics. All results were expressed as the mean (2SEM) o f data obtained from three or more separate experiments. The statistical significance o f differences between group means were determined using the Student's t-test. concentration-dependent, with half maximum stimulation observed at 50 U/mL and maximum stimulation observed at 250 U/mL (Fig l ) . The same concentration-dependent response was observed for Tpo-induced growth stimulation in response to FL+SCF (Fig l ) . Interestingly, whereas IL-1 1 alone had little or no growth-stimulatory effect on LinSca-l' cells, the cloning frequency was enhanced (from 1 to 18 clones) on the addition of Tpo (Table I) . In contrast, no growth was observed in response to the combination of Tpo and IL-12. In agreement with previous studies," FL potently synergized with IL-I I and IL-I 2, and Tpo further increased the clonal growth in response to these two cytokine combinations by 59% and 42% respectively. Thus, Tpo directly and synergistically enhances the cloning frequency of Lin-Sca-I + progenitor cells when acting in combination with multiple early acting cytokines. Tpo in combination with other cytokines also increased the size of the clones formed by Lin-Sca-l' progenitor cells ( Table l) . FL alone stimulated predominantly the formation of clusters ( 4 0 cells), whereas Tpo potently increased the number of FL-induced colonies sixfold (from 5 to 28 colonies). Six clusters and I O colonies were formed in response to SCF alone, which increased to 17 clusters and 30 colonies on the addition of Tpo. Whereas no colonies and only one cluster were observed in response to IL-1 I . I 1 clusters and 7 colonies were formed on the addition of Tpo. When Tpo was combined with potent 2-factor combinations (FL+SCF, FL+IL-I l , or FL+IL-I2), there was a preferential increase in the number Clonal growth (total clones and clonal size) was scored after 10 t o 12 days of incubation at 37' C and 5% CO2 in air. Data are presented as total clones and large colonies (defined as colonies covering more than 10% of the well). Resutts represent means (?SEMI of four separate experiments, of which three were performed in parallel with those in FCS-containing cultures (Table 1) . 0, No clones observed. Student's paired t-test was performed t o determine whether the addition of Tpo resulted in more than additive growth. *, P < .05; **,
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of larger colonies (> 10% of the well covered). Thus, the ability of Tpo to stimulate the growth of Lin-Sca-1 + progenitor cells is due to recruitment of additional progenitors as well as enhanced proliferation within individual clones.
Effects of Tpo on the growth of Lin-Sca-I' progenitors in serum-depleted medium. To examine whether the ability of Tpo to stimulate the growth of Lin-Sca-l' progenitors was dependent on the presence of factors present in FCS, we next examined the effects of Tpo on Lin-Sca-l + clonal growth in a serum-depleted (containing 1 % detoxified BSA) medium (Fig 2) . Whereas Tpo alone induced little or no clonal growth in FCS-containing medium, 12 clusters and 1 colony were observed in response to Tpo alone in serumdepleted medium. Similarly, the number of SCF-stimulated clones increased by 91% in serum-depleted cultures (while, in fact, their sizes were reduced), whereas the clonal formation induced by FL, IL-I l , or IL-12. was the same in both media. Similar to that in the FCS-containing cultures (Table  l) , Tpo enhanced clonal growth in combination with FL and SCF (threefold and twofold stimulation, respectively). The number of clones formed in response to FL+SCF, FL+IL-11, and FL+IL-12 were also enhanced by Tpo, resulting in a cloning frequency of 33% to 37%. Furthermore, as in FCSsupplemented cultures, the average size of the clones formed RAMSFJELL ET AL in response to these cytokine combinations was increased on the addition of Tpo, and, accordingly, the most dramatic increase was observed in large colonies (Fig 2) . Therefore, Tpo stimulates the growth of Lin-Sca-l' progenitor cells both in serum-supplemented and serum-depleted cultures.
Interaction between Tpo and CSFs on the growth of LinSca-l' progenitor cells. Tpo has been shown to enhance the clonal growth of committed BM progenitor cells in combination with Epo or IL-3.'' To investigate whether Tpo could also affect the growth of primitive progenitor cells in combination with Epo, IL-3, or other CSFs, Lin-Sca-l + cells were cultured at a concentration of I cell/well in serumdepleted medium with CSFs or Epo, in the absence or presence of Tpo. Tpo alone stimulated growth of 1 1 of 300 Lin-Sca-l' cells (Fig 3) . IL-3 induced the formation of 27 clones, whereas 45 clones were formed when Tpo was added. In particular, an increase was observed in the number of colonies ( > S O cells; from 16 to 27). In contrast, when Tpo was combined with G-CSF, Epo, or GM-CSF, clonal growth was not significantly enhanced with regard to number or size.
Because of the high homology between Tpo and Epo, and their corresponding receptors, as well as the synergistic interaction reported between the two cytokines on unfractionated BM cell^^'^^'^"^ we compared in more detail the growth of Lin-Sca-l+ progenitor cells. Lin-Sca-l' cells were isolated and plated at 1 celllwell in serum-depleted medium, as described in Materials and Methods, at 300 cellslgroup. Tpo (500 UlmL) and predetermined optimal concentrations of G-CSF 120 nglmL), Epo ( ability of Tpo and Epo to enhance the growth of Lin-Sca-1' progenitor cells (Fig 4) . No clonal growth was observed in response to Epo alone, whereas Tpo stimulated the growth of I2 of 300 Lin-Sca-1 + cells. Furthermore, in contrast to the significant enhancement of FL-and SCF-induced clonal growth (both with regard to number and size) observed in response to Tpo, Epo did not enhance the clonal formation of Lin-Sca-l' progenitors in combination with either SCF or FL. Thus, unlike Tpo, Epo appears to have no ability to enhance the clonal growth of Lin-Sca-l' progenitors.
The ability of Tpo to synergize with FL on Lin-Sca-l+ progenitors requires the earlv action of Tpo. The synergy between FL and Tpo could potentially be caused by a sequential action of the two cytokines in that the early acting FL might simply initiate proliferation and, subsequently, Tpo might exert its synergistic activity at a later stage of differentiation. Thus, to investigate whether the synergistic activity required the presence of Tpo from the initiation of culture, a kinetic study,was performed in which a 24-or 48-hour preincubation of tin-Sca-l+ cells with FL followed by the addition of Tpo was compared with the growth observed when both Tpo and FL were added at initiation of culture (Fig 5) . A 24-hour delayed addition of Tpo to FL-stimulated cultures reduced the total number of clones by 4 1 %, as compared with the cultures to which the two cytokines were added simultaneously. If the addition of Tpo to FL-preincubated cultures was delayed for 48 hours, the cloning frequency was reduced to that of cells stimulated by FL only.
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However, even if delayed for 48 hours, the addition of Tpo still significantly ( P < .05) increased the size of the remaining clones (Fig 5) . Thus, the ability of Tpo to optimally recruit Lin-Sca-I + progenitor cells to proliferate requires its presence from the initiation of culture.
The effect of Tpo on Mk formation and multilineage differentiation of Lin-Sca-l+ progenitor cells. Lin-Sca-l+ cells plated at a concentration of I cell/well were next analyzed for their ability to form Mks as well as other mature cells in serum-depleted medium in the presence and absence of Tpo in combination with other cytokines (Table 2) . A total of 50% of the clones formed in response to Tpo alone contained Mks, and 71% of these were pure Mk clones. However, 50% of clones formed in response to Tpo alone did not contain Mks, as examined by AchE staining. More than IO Mks were detected in one third of the Tpo-recruited clones that were AchE-positive, but no clones contained more than 50 Mks. Interestingly, although synergy was observed with regard to number of clones formed when Tpo was combined with FL, FL+IL-II, or FL+IL-12, no increase in Mk-containing clones or in the number of Mks per colony was observed when compared with those values for Tpo alone (Table 2 ). In contrast, SCF, which alone did not stimulate the formation of any Mk-containing clones (data not shown), enhanced in combination with Tpo the number (4) 89 (4) Lin-Sac-l' BM cells were isolated as described in Materials and Methods and plated at 1 cell/well in 20 pL x-vivo 15 supplemented with 1% BSA and predetermined optimal concentrations of cytokines as indicated (Materials and Methods). Wells were scored for cell growth and stained with AchE (Materials and Methods) after 11 days of incubation at 37°C and 5% CO, in humidified air. of such clones almost threefold when compared with that for Tpo alone (P < .05). In addition, whereas Tpo alone did not stimulate formation of any colonies with more than 50 Mks, one in three of those formed in response to SCF+Tpo had greater than 50 Mks. In addition, unlike those clones formed in response to Tpo alone, almost all of the SCF+Tpo-recruited clones with Mks also contained other cell types. The addition of R, to SCF+Tpo resulted in the formation of significantly more Mk-containing colonies, which all contained other cell types as well (Table 2) . Next, we examined the morphology of individual Giemsastained colonies (covering >IO% of the well) formed in response to FL+SCF+Tpo from Lin-Sca-l+ cells plated at 1 cell/well in serum-depleted medium. These studies, in which 21 to 32 colonies in each of four separate experiments were analyzed, showed the presence of a low number of colonies containing exclusively undifferentiated blast (El) cells (7% +-4%); mixed colonies containing B1, macrophages (M), and granulocytes (G; 22% 2 5%); and M m 1 colonies (12% 2 3%) but showed mostly mixed Mk/Bl/ M/G colonies (59% 2 2%). The same frequency of Mkcontaining colonies was observed when using the AchE assay (data not shown). In contrast, FL+SCF-stimulated colonies contained no Mks (data not shown). Of the colonies containing Mks, 62% contained I to 49 Mks, 35% contained 50 to 200 Mks, and 4% contained more than 200 Mks, underscoring the potent ability of these progenitors to produce Mks in response to Tpo in combination with early acting cytokines. Thus, as much as 71% of the R,+SCF+ Tpo-induced colonies covered more than 10% of the well contained Mks, most of which contained other cell lineages as well, thus showing that Tpo can stimulate the growth of Lin-Sca-l+ progenitors with the ability to produce multiple cell lineages.
Although the single cell studies described above showed that Tpo could enhance the growth of progenitors capable of producing multiple myeloid cell lineages, they did not establish to what degree Tpo-responsive Lin-Sca-1' progenitors also had erythroid potential. This aspect was of particular interest because it recently has been shown that Tpo in combination with Epo can enhance the growth of committed erythroid progenitor cell^.^^.'^ Thus, we next investigated the ability of Tpo to affect SCF-stimulated clonal growth of Lin-Sca-l' progenitor cells cultured in methylcellulose in the presence of Epo (Table 3) . Of 500 Lin-Sca-l+ cells, 33 produced colonies in response to SCF, which increased to 59 ( P < .05) on addition of Tpo. Whereas most of the colonies formed in response to SCF alone were small, more Lin-Sca-l+ cells were isolated and plated in methylcellulose cultures as described in Materials and Methods at 500 cellsldish supplemented with Epo and designated cytokines. Cultures were scored for growth of different colony types after 13 to 15 days of incubation at 37°C and 5% CO2 in air. To confirm the colony phenotype, individual colonies were picked, transferred to a glass slide with a jet air stream, dried, fixed, Giemsa-stained, and examined by microscopy. Results represent means (+SEM) of four separate experiments, each with duplicate dishes.
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TPO PROMOTES GROWTH OF PUTATIVE STEM CELLS
than 90% of the colonies formed in response to SCF+Tpo were greater than 0.25 mm in diameter. In agreement with previous studies, no pure erythroid colonies were formed, showing that Lin-Sca-I' progenitors are depleted in BFUnies was unchanged on the addition of Tpo to SCF-stimulated cultures, the absolute number of colonies with erythroid elements increased from 12 to 24. Moreover, the absolute number of colonies containing Mks (as well as other cell lineages) was potently enhanced in SCF+Tpo-stimulated cultures, from 8 to 47, as compared with that for SCF alone. Interestingly, the frequency and absolute number of multilineage GEMMk colonies increased more than threefold and sevenfold, respectively. when Tpo was combined with SCF, whereas a compensatory reduction was observed in the frequencies of GM and GEM colonies (Table 3) .
Although it appeared that Tpo when acting in synergy with other cytokines promoted the growth of multipotent progenitor cells, it remained possible that most of the LinSca-l + progenitors growing in response to Tpo alone were not multipotent but rather were committed to the Mk lineage. However, the very limited proliferation of these progenitors (all clones contained <SO cells), and the finding that a high fraction produced exclusively Mks in response to Tpo alone, might as well be due to the requirement for other cytokines to uncover their proliferative and multilineage potential. To address this issue, Lin-Sca-l+ cells were cultured at a concentration of 1 cell/well for 96 hours in Tpo alone, at which time all Tpo-responsive clones were identified and pulsed with a potent cytokine cocktail (G-CSF+IL-3+SCF+Tpo). When compared with Tpo-responsive Lin-Sca-l + progenitors that continued to be incubated in Tpo only, the number of pure Mk clones dropped from 28% to only 12% of the total clones formed, and the number of Mk-mix clones increased from 24% to 59% ( P < .OS; see Fig 6) . Interestingly, the total number of non-Mk-containing clones also dropped from 48% to 30% on the addition of the cocktail to the Tporesponsive progenitors ( P < .OS). Most of the Mk-mix and non-Mk-containing colonies contained granulocytes and/or macrophages (data not shown). Finally, a dramatic increase in the size of the Tpo-responsive clones was observed on the addition of the cocktail both in the Mk-mix and nonMk-containing clones ( P < .OS; see Fig 6) , suggesting that most of the Lin-Sca-l' progenitors responsive to Tpo alone are multipotent and have a high proliferative potential.
In vivo reconstitution studies with single Lin-Sca-l +kin-Sca-1'Thy-l' progenitor cells have shown that, although most of these are short-term-rather than long-term-reconstituting cells, they both represent predominantly multipotent progenitors capable of producing all hematopoietic lineage~.~'.~' Accordingly, it has been postulated that the restricted lineage expression often observed of these progenitors in in vitro cultures is a result of the culture conditions selectively promoting differentiation along specific lineages, usually granulocytic and monocytic,.'7 or, alternatively, is a consequence of interlineage competition?" As a result of this, one might underestimate the number of multilineage progenitors in a specific population of primitive progenitor cells. However, because Lin-Sca-I + progenitor cells usually E.26.37 Although the frequency of erythroid-containing colo-
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Mk-mix non-Mk first commit to restricted lineages after prolonged culture, the potential for a specific lineage can also be determined by replating in a secondary culture supplemented with a lineage-selective cytokine combination, as previously shown for lymphohematopoietic progenitor cells by Hirayama et aL4' A total of 25 SCF+Tpo-induced colonies (in each of three separate experiments) were individually picked after 9 to I 1 days of incubation and were replated in methylcellulose containing SCF+Epo. After such replating, 71% t 5% of the primary SCF+Tpo-induced colonies formed BFU-E, showing that a large fraction of the Lin-Sca-1 + progenitors responsive to SCF+Tpo, in addition to having a granulocyte/ macrophage and Mk potential, can produce erythroid cells as well.
Next, we determined the morphology of the progeny of Lin-Sca-l' cells formed in response to Tpo alone and in combination with other cytokines in suspension culture (Fig  7) . Whereas only 1 to 2 and 1 1 cells were formed per LinSca-I no viable cells were observed after 12 days of incubation in response to FL alone (data not shown). However, FL+Tpo synergistically increased the cell production from 1 to 2 cells (Tpo alone) to 23 cells per Lin-Sca-l' cell plated. With regard to Mk production, SCF+Tpo potently synergized to induce the formation of 23 Mks per Lin-Sca-1 + cell plated, whereas only 0.2 and 0.06 Mks per Lin-Sca-l+ cell plated were produced in response to Tpo and SCF, respectively. In contrast to the effect of SCF, FL did not increase Tpo-induced Mk production from Lin-Sca-l + cells above that observed in response to Tpo alone. In addition to Mks, SCFand SCF+Tpo-stimulated cultures contained a high proportion of monocytes and some blast cells, whereas mostly blast cells and some monocytes were formed in response to Tpo and FL+Tpo (data not shown).
Mk ploidv analvsis. To determine whether Tpo in combination with SCF was capable of stimulating the formation of high-ploidy Mks from primitive progenitors in vitro, LinSca-l+ cells were cultured in suspension at 2,000 cells/mL in serum-depleted medium supplemented with SCF+Tpo. After 9 days of incubation, the cultured cells were doublestained with the 4AS Mk-specific antibody3" and propidium iodide and were analyzed by flow cytometry (Fig 8, top) . 4A5' cells (Mk) had up to 128N ploidy, with the majority being of 16N and 32N ploidy (Table 4 and Fig 8) . Analysis of SCF+Tpo-stimulated Lin-Sca-l+ cells on day 1 1 of culture showed a similar ploidy distribution as that observed on day 9 (data not shown). FL+SCF+Tpo-stimulated Lin-Sca-l+ cells contained 4A5' Mks with a similar ploidy distribution as those stimulated by SCF+Tpo (Fig 8, bottom) . Thus. Tpo in combination with SCF potently stimulates the production of high-ploidy Mks from multipotent Lin-Sca-I + progenitor cells.
1L-3 has been implicated as potentially an important stimulator of Mk production in combination with Tpo." Although IL-3+Tpo potently stimulated Mk production from Lin-Sca-l + progenitor cells, the ploidy of these Mks was significantly lower than that of those produced in response to SCF+Tpo (Table 4) . Furthermore, Mks produced in response to IL-3+SCF had lower ploidy than that of those produced in response to IL3+Tpo. Specifically, only 1% of Mks produced in response to IL-3+SCF were 232N, whereas IO% of Mks formed by IL-3+Tpo were 232N (P < .OS). Thus, Tpa appears to be essential for optimal production of high-ploidy Mks from Lin-Sca-l+ progenitor cells. 
Distinct efects of
'
Relative flourescence intensity For Lin-Sca-l+ cells were cultured in suspension in serum-depleted medium supplemented with IL-3+SCF (1,000 cells/mL), IL-3+Tpo (4,000 cells/ mL), and SCF+Tpo (2,000 cells/mL). After 9 to 10 days of incubation 4A5' cells were analyzed for ploidy distribution (propidium iodide uptake) 
DISCUSSION
Tpo has been shown to be a critical stimulator of megakaryocytopoiesis and platelet production in vivo," which correlates well with its potent ability to stimulate in vitro growth and maturation of progenitor cells committed to the Mk lineage.7.16"9 Multiple findings have suggested a common origin of cells of the erythroid and megakaryocytic lineages, and Epo has been shown to stimulate Mk development in that Tpo also can stimulate the growth and expansion of erythroid progenitor cells in combination with Ep0,35.36 whereas several studies have found that Tpo does not affect the growth of committed granulocytdmacrophage progenitor cells in human or murine BM. '3,'s,19 In contrast, the ability vitro. 16, 434 In line with these findings, it was recently shown Lin-Sca-1'Rh" and Lin-Sca-lVlh" BM cells were isolated as described in Materials and Methods and plated at l cellhvell in 20 pL x-vivo 15 supplemented with 1% BSA and predetermined optimal concentrations of cytokines (see Materials and Methods). Wells were scored for cluster and colony formation after 10 to 12 days of incubation at 37°C and 5% CO, in humidified air.
of Tpo to affect the growth of primitive multipotent hematopoietic progenitor cells has not been investigated in detail. In a previous study, Zeigler et a1" showed that 50% of purified primitive (AA4+Sca-l+) murine fetal liver progenitor cells expressed c-mpl, and that an undefined fraction of these could proliferate and differentiate towards Mks in response to Tpo. However, the growth response to Tpo of these primitive high-proliferative potential (HPP) progenitors appeared very restricted, because less than 100, 600, and 300 Mks were produced from 10,000 progenitors in suspension culture in response to Tpo alone, Tpo+ SCF, and Tpo+IL-3, respectively. The Mk production of these progenitors in response to Tpo was somewhat enhanced when cultured on fetal liver stroma cells:' but, because the stroma potently stimulated proliferation in the absence of Tpo, the effects of Tpo observed in these cultures might have been on more committed progenitors formed in response to the growth-promoting activity of the stroma alone. More importantly, no clonogenic assays were performed allowing no conclusions to be made with regard to whether or not Tpo can stimulate the growth of multipotent progenitor cells.
In the present studies, Tpo alone stimulated clonal growth of a small fraction of Lin-Sca-l+ progenitor cells. Studies using subsequent addition of SCF+IL-3+G-CSF+Tpo showed that almost all of the progenitors responsive to Tpo alone had multilineage potential with an HPP rather than representing a subpopulation of primitive progenitors committed to the Mk cell lineage. Single cell experiments and delayed addition studies showed that the growth-stimulatory effect of Tpo is directly mediated on the progenitors and does not require the interaction with accessory cells.
A number of cytokines have been identified as potent stimulators of the growth of primitive hematopoietic progenitor cells.24 Most of these early acting cytokines have little or no ability to stimulate growth when acting individually, but, in combination with other cytokines such as the CSFs, they can enhance growth in a synergistic Tpo synergized with many of these early acting cytokines (eg, F L , SCF, and IL-11, but not IL-12) to enhance the growth of Lin-Sca-l+ progenitors. This synergy was observed both as a recruitment of progenitors that were unresponsive to single cytokines (increased clonal numbers) and as an enhanced proliferation of the individual progenitors (enhanced clonal size).
For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From Unlike its ability to synergize with FL and SCF, Tpo did not synergize with G-CSF or GM-CSF to enhance the clonal growth of Lin-Sca-l' progenitors. When Tpo was combined with IL-3, a slightly more than additive number of clones were formed, and a synergistic increase in the number of colonies (> 50 cells) was observed. In sharp contrast to Tpo, Epo had no ability to stimulate the growth of Lin-Sca-1 '
progenitors alone or in combination with SCF or FL. In addition, Tpo and Epo did not synergize to enhance the growth of Lin-Sca-l+ progenitors, in contrast to their ability to synergize on more committed progenitors.'6 Thus, despite the corresponding roles of Tpo and Epo as critical and selective regulators of megakaryocytopoiesis and erythropoiesis, respectively, Tpo, but not Epo, appears to affect the growth of primitive multipotent progenitor cells. Therefore, it appears likely that, whereas c-mpl is expressed on primitive multipotent progenitors," expression of the Epo receptor is restricted to progenitors committed to the erythroid and megakaryocytic lineages.
Flt3 and c-kit and their corresponding ligands (FL and SCF, respectively) have been shown to be key regulators of early hematopoie~is"~~ and to potently stimulate the growth of primitive progenitors in combination with multiple other c y t~k i n e s .~'~~~ Thus, the potential ability of Tpo to interact with these two cytokines was of particular interest. In addition to synergizing with FL and SCF individually, Tpo also enhanced the number of clones formed from Lin-Sca-l' progenitor cells when combined with both FL and SCF. In particular, Tpo acted to enhance the number of large colonies formed in response to FL+SCF. Thus, although FL and SCF have largely overlapping activities with regard to stimulating growth of primitive progenitors, the results of the present study support those of previous studies suggesting that the two cytokines can interact in a complimentary f a~h i o n .~' .~~ Whereas SCF when combined with Tpo enhanced the number of Mk-containing colonies almost threefold as well as the number of Mks per colony, FL did not increase the number of Mk-containing colonies or the number of Mks per colony. The reason for this dramatic difference between SCF and FL might be due to a more restricted expression pattern for flt3 than c-kit. Whereas flt3 expression in the hematopoietic system appears to be quite restricted to primitive multipotent or lymphoid progenitors, c-kit shows a wider expression and has also been shown to be expressed on myeloid and erythroid progenitor^.^^.^' Other recent studies indicate that SCF can synergize with Tpo to recruit committed Mk progenitors as Therefore, it seems possible that the progenitors recruited by Tpo+SCF or Tpo+FL might require prolonged stimulation by two cytokines to proceed to Mk-producing progenitors, and that flt3 but not c-kit expression is lost before responsiveness to Tpo alone is obtained. Thus, SCF in combination with Tpo might be critically involved in stimulating megakaryocytopoiesis from multipotent progenitor cells. In line with this, all Tpo-responsive progenitors express c-kit (Ramsfjell and Jacobsen, unpublished observations, September 1995).
Murine Lin-Sca-l+ BM cells have been shown to be highly enriched in primitive multipotent progenitor cells capable of short-term as well as long-term multilineage reconstitution. I ,22,23,26,38,39 Although constituting only 0.1% to 0.2% of the BM cells, they contain all the long-term-repopulating cells.'.''." In addition, this population is depleted in lineagecommitted progenitors and consists predominantly of multipotent progenitor cells requiring multiple cytokines for optimal growth in vitro, whereas only SCF and 1L-3 can induce limited growth as single ~ytokines.~~."~'* However, as any enriched stem cell population, Lin-Sca-1 + progenitor cells are heterogenous, and, although they consist predominantly of multipotent progenitor cells, most of these have a short-term-rather than long-term-reconstituting abilThe Lin-Sca-l' cells can be somewhat more enriched for stem cell activity by sorting the c-kit' subfrdctiom4' However, because all Lin-Sca-l+ stem cells as well as clonogenic progenitors are kit',^^ it is clear that the clonogenic progenitors investigated here are Lin-Sca-1 ckit'. Long-term-repopulating activity can also be enhanced by sorting for Thy-l (tw~fold),".~~ by isolating the Rh'" fraction as done in the present study ( f o~r f o l d ) ,~~,~' or by treating cells with 5-fl~orouracil.~' Alternatively, stem cell populations can be highly enriched by other However, no method has yet been able to purify a homogenous population of long-term-repopulating stem cells, and, accordingly, firm conclusions regarding growth regulation of the pluripotent long-term-reconstituting stem cells cannot be drawn from in vitro studies such as those described here, although there are increasingly more studies suggesting that the long-term-reconstituting stem cells can also proliferate extensively in short-term in vitro cultures in response to defined cytokines.s3.s4 Regardless, the Lin-Sca-1 + and Lin ~ Sca-l +Rh'" BM progenitor cell populations used here are well characterized and suitable for studies of early multipotent progenitor cell^.'"'^^^^^^^ That Tpo does stimulate the growth of multipotent progenitor cells was supported by the finding that most Mk-containing colonies produced in response to SCF+Tpo or FL+SCF+Tpo contained other myeloid cell lineages as well, and, in methylcellulose cultures containing Epo, Tpo in combination with SCF potently enhanced multilineage (GEMMk) colony formation. Thus, although the effects of Tpo administration in vivo and studies of peripheral blood in c-mpl-deficient mice clearly show that Tpo is a lineage-selective cytokine under steady-state conditions," the present studies support that it is not lineagespecific.
The clinical relevance of the present findings is supported by recent studies showing that Tpo in myeloablated mice and nonhuman primates in addition to promoting platelet recovery also accelerates the recovery of red blood cells and neutr~phils."".~ In addition, the present findings might have physiological significance because a recent study showed that the number of hematopoietic progenitors of multiple lineages and the number multipotent progenitors are reduced in c-mpl-deficient mice, suggesting that Tpo might play a role in maintaining primitive hematopoietic progenitor ceIIs."
Although Lin"Sca-l+ progenitors recruited by Tpo were predominantly multipotent, the unique ability of these HPP Tpo-responsive progenitors to produce large numbers of high-ploidy Mks was underscored by the finding that some ity.'.21.3XX.?9
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individual Lin-Sca-1 + progenitors (ie, stimulated by FL+SCF+Tpo) produced more than 200 Mks, and that 38% of the Mk-producing HPP colonies contained more than 50
Mks. The present observation that SCF+Tpo > IL-3+Tpo > IL3+SCF with regard to stimulating production of Mks with high ploidy might potentially have implications as to the relative role of these cytokines in regulating Mk ploidy. The difference between the very efficient production of Mks in response to SCF+Tpo in the present studies (>23 Mks per Lin-Sca-l' cell plated) as compared with the marginal Mk production in the studies of Zeigler et a12' (0.06 Mks per AA4'Sca-l+ fetal liver cell) is most likely (at least in part) due to the fact that we used a serum-depleted medium, whereas Zeigler et alZ0 used an FCS-supplemented medium to study Mk production. When using an FCS-supplemented medium, we also found a very restricted ability of Lin-Sca-1' BM cells to produce Mks in response to SCF+Tpo (Ramsfjell and Jacobsen, unpublished observation, September 1995).
Lin-Sca-l+ progenitors were further fractionated into Rh' ' cells, shown to contain all long-term-reconstituting cells, and Rhhi cells, thought to be important for short-term multilineage r e c o n s t i t u t i~n .~~-~,~~ Interestingly, in agreement with the results of previous studies, whereas almost all progenitors responsive to SCF alone were in the R h h i fra~tion,'~ the ability of SCF and Tpo in combination to synergistically recruit an increased number of Lin-Sca-l+ progenitors to proliferate was exclusively observed on the Rh'" cells. However, the ability of SCF and Tpo to synergistically enhance the proliferation of individual progenitors was observed in both populations. These findings further support that Tpo can stimulate the growth of a primitive set of multipotent progenitors, although it still remains to be determined whether it acts on the long-term-repopulating stem cells. 
